To determine empirically the most probable mode of interaction of chemicals given in combination, major occupational health, environmental health, and toxicologyjournals published in the past 10 years were sorted by eye for studies on noncarcinogenicand nonteratogenic effects of industrialand environmental chemicals in combination. Of the 159 relevant studies, 49 reported "more than additive" effects; however, most of these had methodological weakness in extrapolating the observation to effects in humans; e.g., the dose used was much larger than expected exposure levels in real life. After excluding the studies that were based on unrealistic conditions, the "more than additive" effect was observed in <5% of the studies reviewed. In the absence of information to suggest otherwise, therefore, the risk of underestimating toxicity by assuming the additiveness is probably <5%. 
studies that were based on unrealistic conditions, the "more than additive" effect was observed in <5% of the studies reviewed. In the absence of information to suggest otherwise, therefore, the risk of underestimating toxicity by assuming the additiveness is probably <5%. (4) . Information on the combined effects in carcinogenicity is still scarcer than that for noncarcinogenic end points, although more information has gradually been appearing in the literature in recent years (5) (6) (7) (8) .
MaterIals and Methods
I looked through major journals in occupational and environmental health as well as in toxicology (Table 1) , published from 1981 to 1992, searching for the papers that reported the combined effects of two or more industrial or environmental chemicals given simultaneously. Papers were selected when the names of two or more chemicals, or terms such as additiveness, synergism, and combination were given in the title. Because the presence of such reports was obviously biased toward some of the journals, my efforts in the latter half of the search period were concentrated on the journals that were expected to carry more reports of concern.
The results of each study on combined effects were classified on the basis of the following characteristics:
Additiveness (Summation).
The effect due to combined exposure to two or more chemicals is equal to the sum of the effects produced by individual chemicals.
2. Antagonism. The combined effect is less than additive.
3. Potentiation. The combined effect is more than additive.
Some studies report that Chemical A gives the effect a whereas Chemical B does not give any effect, and that the combination of A and B gives effect a only, with no change in the strength. Such cases were classified as "no effect" because it is not clear if the results illustrate a case of independent action or of additiveness. Three studies that reported no clear results regarding the toxicity modification after combined exposure were omitted from the present analysis. I have not used the term synergism in the present classification because of ambiguity in its usage: Synergism means potentiation by one definition (9), and a combination of additiveness and potentiation by another (10).
Results
In total, 159 studies fit the criteria for review. Major sources of the studies were toxicology journals, but occupational and environmental journals were also important because they reported human epidemiology studies. Space limitations preclude describing all 159 cases. The following examples show typical cases for each category of effects. The observation at NNEL suggests the absence of additiveness or of more than additive interaction among the four nephrotoxic chemicals at this dose.
Additive Cases
In an occupational epidemiology study, Chen et al. (16) examined 514 solvent workers exposed to a mixture of toluene [2.7 cm3/m3, geometric mean (GM)] and three xylene isomers (GM 3.1 cm3/m3). The concentrations of toluene and the xylenes were well below the occupational limits (100 cm3/m3 for each), and the concentrations with the two solvents in combination were also low (GM 6.8 cm3/m3). The symptoms and signs among the mixture-exposed workers as well as among the workers exposed to toluene alone or to xylenes alone denoted suppression of the central nervous system in addition to local irritation; none showed effects related to the peripheral nervous system, intestinal tract, or blood function, and no exposure-related changes in hematology or serum biochemistry were seen. Thus, the effects of toluene and xylenes in combination appeared to be simply additive. In the same exposed worker groups, no metabolic interaction could be detected; i.e., there were no changes in patterns of urinary metabolite excretion (17).
More than AdditiveCases
Hexane (C6H,4) is known to be toxic to the peripheral nervous system at sufficiently high doses. However, repeated exposures of rats to hezane at 100 cm3/m3 for 12 h daily for 24 weeks did not induce changes in motor conduction velocity or mixed nerve conduction velocity of the tails. Methyl ethyl ketone at 200 cm3/m3 also did not cause any changes. However, conduction velocities were substantially decreased in rats exposed to a mix- (Table 3) used either large doses to detect the effects (i.e., LD50 studies or studies with doses far beyond the amounts likely to be encountered in real life, e.g., 1500 mg'kg methyl n-butyl ketone in rats). In other studies, one of the two chemicals used is a known inducer of xenobiotic metabolism; the enzyme-inducing effect has a threshold below which the administration is ineffective, and the "more than additive" effect will not take place when the dose of the inducer is less than this threshold, just as in real life. In a few cases, the results were obtained in a nonmammalian test system, making it hard to extrapolate the conclusion to human cases. Such methodological draw- (Table 4) indicated that >95% of the 111 cases examined showed either "additive" or "less than additive" effects (including no effect). tore of the two solvents (hexane at 100 cm3/m3, methyl ethyl ketone at 200 cm3m3) for the same duration. This observation was taken as proof of the capacity of methyl ethyl ketone to potentiate the toxicity of hexane on the peripheral nervous system in rats (18).
Effect
Ray and Mehendale (19) showed that simultaneous oral administration of either methanol, ethanol, isopropyl alcohol, tert-butyl alcohol, pentanol, hexanol, octanol, or decanol, 10 mmol/kg, with carbon tetrachloride, 0.5 or 1.0 mLlkg, resulted in substantial increases in plasma transaminase activities. Cd4 or any of the alcohols alone induced no significant increase in the enzyme activity. Although this apparently shows the capacity of alcohols to potentiate CC14-induced liver damage, one should note the large doses of alcohols given, i.e., several hundred milligrams or more per kilogram of body weight, depending on molecular mass of the alcohol. Also, except for ethanol, the exposure of humans to CC1 and alcohols is usually via inhalation, with ingestion being an exceptional route of intake.
StatisticalEvaluation
Classification of the study cases by chemicals (Table  2) showed that combinations of two organic compounds accounted for more than half of the publications. Most of these involved a solvent-solvent combination, possibly because organic solvents are typically used as solvent mixtures rather than as individual solvents.
Metalmetal interaction cases were also frequently studied. Interaction between cadmium and other metal(s) appeared to be a focus of interest, followed by the effects of selenium on the toxicity of other metals.
When classified by effect, a majority of the cases were either "less than additive" or "additive" (including "no effect"). Therefore, if additiveness of effects is assumed, A, lethality study; B,study with large dose; C,study with drug-metabolizing enzyme inducer(s); and D, study with a bacterial or algae system. 15) . Through the present study, I have been able to identi1r several crucial points in conducting interaction studies: the test system, the dose, and the route of administration.
Results of nonmammalian or in vitro systems are difficult to extrapolate to the situation in human life. Selection of dose is of critical importance so that the study results can be interpreted in relation to risk to humans. As discussed above, the effects observed at non-realistic high doses might be of mechanistic interest, but are less valuable in human risk assessment unless some evidence suggests that the effects are reproducible even at lower doses. Finally, the route of administration used in the experiment should simulate the route of exposure in life. This consideration in experimental design should facilitate evaluation of the results in relation to human risk assessment.
Given the limited scale of the present analysis, further studies are apparently necessary to examine the validity of the proposed hypothesis.
